Spring, stream and tap waters from in and around San Antonio de los Cobres, Salta, Argentina, were sampled to characterize their geochemical signatures, and to determine whether they pose a threat to human health and crops. The spring waters are typical of geothermal areas world-wide, in that they are Na-Cl waters with high concentrations of As tot , As(III), Li, B, HCO 3 , F and SiO 2 (up to 9. 49, 8.92, 13.1, 56.6, 1250, 7.30 precipitation or by use of commercial filters. Such recommendations could also be followed by other settlements that draw drinking and irrigation waters from geothermal sources.
Introduction
In volcanic areas, drinking water sources often have inputs from geothermal activity related to volcanic and/or hydrothermal processes (Hedenquist and Lowenstern, 1994) . These waters can contain high concentrations of As that arises from dissolution of As gas or As-bearing minerals in magmatic and hydrothermal waters and subsequent mixing of these waters with meteoric waters (Ellis and Mahon, 1977; Welch et al., 1988; Webster and Nordstrom, 2003) . In these waters, As generally occurs either as As(III) or As(V), depending on pH, redox potential and the availability of As(III)-oxidising bacteria (Langner et al., 2001; Webster and Nordstrom, 2003) Other elements that are concentrated in geothermal brines and related meteoric waters, such as B and F, may also pose a threat to human health should they be ingested (Webster, 1999; Katsoyiannis et al., 2007) .
San Antonio de los Cobres (24º13'32"S, 66º19'9"W) is a town of 5000 inhabitants (Bennett, 1947) who are mostly indigenous. It lies in the northwest of Argentina, in the arid Puna region of the middle Andes, at an altitude of 3775 m (Concha et al., 1998; Fig. 1) , lying SE of the Tocomar geothermal region and 5486 m Tuzgle volcano (Sainato and Pomposiello, 1997) . The town is underlain by Quaternary sediments, and the surrounding area, by Precambrian to Palaeozoic high-grade metamorphic rocks, Ordovician orthogneiss and granitoids and Cenozoic volcanics (Reutter et al., 1994; Blasco et al., 1996) . Temperature varies from about -26ºC in July to +30ºC in December. Annual precipitation in the Puna region averages 100 mm per annum (Argentinean National Meteorological Service; www.meteofa.mil.ar), falling to less than 5 mm during the dry winter season (May-October).
The Tuzgle-Tocomar area has been evaluated as having a capacity for < 0.1 MWt of geothermal energy (Pesce, 2005) .
Previous studies on the San Antonio area have shown that the waters are highly enriched in As.
Thermal springs in the area are reported to contain up to 10,000 µg L -1 As, stream waters up to 1360 µg L -1 As and drinking waters, between 200 and 500 µg L -1 As (De Sastre et al., 1992; Vahter et al., 1995; Concha et al., 1998 Concha et al., , 2006 Concha et al., , 2010 MRA-UGAN, 2005) . The As is thought to be of geogenic (geothermal) origin, since there are no reported industrial sources in the area. Recent studies have been carried out to evaluate the factors influencing the metabolism and toxic effects of drinking water As (Vahter et al., 1995; Concha et al., 2006) and the concentrations of As in breast milk in San Antonio (Concha et al., 1998) . Vahter et al. (1995) reported elevated concentrations of As in drinking water (179-219 µg L -1 ), soup (average 336 µg kg -1 ), polenta (58 µg kg -1 ), blood (2.7-18 µg L -1 ) and urine (109-405 µg L -1 ). These authors also found relatively high dimethylarsinic acid (DMA; the more readily excreted and less toxic metabolite of As) and low inorganic As in the urine samples compared to women with lower drinking water As exposure in three other Argentinian villages, and suggested that this was due to efficient methylation of inorganic As to DMA, as a result of favorable genetic factors. Concha et al. (1998) also reported high blood and urine As (10 and 320 µg L -1 , respectively), and elevated concentrations in breast milk (range 0.83-7.6 µg kg -1 ). Two measurements were made of As in urine of nursing babies; these were both low (17 and 47 µg L -1 ) and were attributed to the breast feeding mothers not secreting inorganic arsenic. Concha et al. (2006) demonstrated that As concentrations in drinking water correlated well with As in women's urine, and that some water-based foodstuffs (soup and polenta) had high As concentrations (400 μg kg -1 ). Elevated concentrations of other potentially toxic elements including Li, B and Cs in San Antonio drinking water were also recorded by Concha et al. (2010) .
The studies of Vahter et al. (1995) and Concha et al. (1998 Concha et al. ( , 2006 Concha et al. ( , 2010 identified water as an important pathway for As and other toxic element exposure to the residents of San Antonio. Although studies have been carried out to examine regional patterns in As and ore deposit pathfinder element patterns (MRA-UGAN, 2005), none have been undertaken to evaluate the source(s) of As or other potentially toxic elements in potential drinking or irrigation water sources for the town, and whether natural attenuation processes occur in the area to reduce element concentrations to less hazardous levels. Such information will underpin future health-related studies in the area. To this end, the aim of this study was to characterise the geochemistry of As and other potentially toxic elements in and around San Antonio de los Cobres, to evaluate element sources, possible natural attenuation mechanisms and health implications. This information will be of use in evaluating other areas affected by geothermal activity, in terms of water quality and element sources.
Methods and Materials
Sampling of 46 waters took place between the 23 rd and 27 th of March, 2006 . Samples of spring waters were taken from three major sources ( Fig. 1 ): near the town of San Antonio (samples SPR1-6), at the town's drinking water source at Agua de Castilla (SPR7) and at Baños de Agua Caliente (SPR8-12).
Stream waters were taken from the Rio Tocomar -San Antonio de los Cobres (samples STR2-4, 6-8, 10, 11) and its tributaries (STR1, 5, 9). Sample STR1 is taken from a tributary that drains all of the springs in the SPR1-6 sample area (Fig. 1 ). Drinking waters (CHNF, TAP1-6) were taken from taps from public and private residences in the town of San Antonio. Taps were allowed to run freely for three minutes prior to sample collection. At each sample site water was collected in a clean syringe previously rinsed three times with water from that sample location. A total sample quantity of 120 mL was then divided between four acid-washed sample bottles as follows:
type 1: 30 mL for anion analysis; collected filtered and unacidified, type 2: 30 mL for cation analysis; collected filtered and acidified, type 3: 30 mL for cation analysis after digestion; collected unfiltered and acidified.
type 4: 30 mL for type 3: 30 mL for As speciation analysis; collected filtered through both 0.2 µm and As speciation cartridges (Meng and Wang, 1998) and acidified.
Sample types 1 and 2 were filtered through clean 0.2 µm filters and types 2, 3 and 4 were preserved with approximately 0.6 mL of 8 N HNO 3 to pH <2. All water samples were stored cool in acid-washed 30 ml HDPE bottles with HDPE lids (VWR, Poole, UK, . Field blanks were opened and acidified in the same manner as samples in each location. Conductivity, pH and dissolved oxygen content were determined in the field using a Hanna DIST conductivity meter, Hach sension1 pH meter and Hach sension1 DO 2 meter, respectively. Titration using a Hach kit was used to determine concentrations of HCO 3 -.
To determine the concentrations of As and B in waters used for drinking (type 3 water sample), the tap waters were digested in order to dissolve their suspended particulates, since both the water and particulates would be ingested by those who drank the waters. For the digestions, 18 mL of unfiltered sample was digested in 3 mL concentrated HNO 3 (AR grade) and then made up to 25 mL (method based on EPA Method 200-2, 2011). A blank was added to each digestion batch to enable the data quality to be assessed and ensure that preparation and analysis was consistent for each batch.
Concentrations of As and B in the blanks were below detection limits, and for reference material Research Institute). Dissolved silica was analysed by spectrophotometry, and reference material Ion-96.3 was used to test the accuracy of this method. Determined values were within the reported certified concentration ranges. Blank concentrations for all elements were low, and precisions were within 10%, except for two duplicate pairs for Li, for which concentrations were low (< 1 mg L -1 ).
The computer program Excel was used to manipulate the water data and produce graphs to examine downstream trends (for the stream samples). The software package AqQA™ (Rockware) was used to assess the ion balance of the water analyses, delineate groundwater types and assess the irrigation and drinking water quality of the samples. Equilibrium speciation modeling and mineral saturation index calculations were carried out using the React program within The Geochemist's Workbench ® package, version 8.0 Standard.
Results and Discussion

Characteristics of spring waters
All of the spring waters are Na-Cl type, except STR9, which is Ca-Cl type. The pHs are slightly acid to near-neutral (6.42-7.39), and the waters have high concentrations of Na, Li, B, HCO 3 , Cl, F and SiO 2 , which are typical of spring waters in geothermal areas (Hem, 1985; Aiuppa et al., 2006) . The three groups of spring waters (SPR1-6, near the town of San Antonio; SPR7, the town's drinking water source and SPR8-12 at Baños de Agua Caliente) have distinct major and trace element compositions (Table 1 , Figure 2 ). SPR1-6 waters are the most concentrated in all elements except F of the springs sampled (SPR8-12 waters have higher F than SPR1-6), and SPR7 the least.
Springs in geothermal areas have chemical signatures arising from mixing of meteoric waters, deep aquifer Na-Cl brines and interactions with hydrothermal vapours (Ellis and Mahon, 1977, Aiuppa et al., 2006) . In Figure 2 these possible sources with respect to the San Antonio waters are explored.
Springs 1-6 are closest in composition to Na-Cl brines, which plot near the Cl and Na+K axes on the two triangular plots in Figure 2 (cf., Aiuppa et al., 2006) . The compositions of SPR7 and SPR8-12 move away from the brine axes and towards the HCO 3 axis on the SO 4 -HCO 3 -Cl plot, suggesting mixing with meteoric waters rather than with steam-heated, hydrothermal acid sulphate groundwaters, which would plot at the SO 4 axis. The degree of mixing for SPR1-6 may be limited, however, since these waters are extremely enriched in all elements and, particularly, the brine elements Na and Cl, compared to the other springs (Table 1) . SPR7 plots furthest away from the NaCl brine axes, suggesting that it is the most diluted by meteoric waters of the springs sampled. This is supported by its lower element concentrations (Table 1) , temperature and conductivity (13.1ºC, 712 µS cm -1 ) compared to the other springs (21.9-45.7ºC, 2240-6810 µS cm -1 ).
Arsenic concentrations in the springs SPR1-6 range from 7390 to 9490 µg L -1 , and in SPR8-12, from 274-366 µg L -1 . The SPR1-6 concentrations are higher than those found by Vahter et al. (2000) for the same area. The concentration in SPR7 (208 µg L -1 , also discussed below in the drinking water section) is slightly lower than those of SPR8-12. In the El Tatio system in the Antofagasta region of Chile, As concentrations of 45,000-50,000 µg L -1 are recorded (Ellis and Mahon, 1977) . While the San Antonio spring water concentrations are not as high as this, they are on the order of those reported for other geothermal areas, such as California (up to 7500 µg L -1 , Coso Hot Springs, Imperial Valley, Welch et al., 1988) and Kyushu, Japan (500-4600 µg L -1 , Yokoyama et al., 1993) .
The ratios of As/Cl and As/Na are not consistent for the three spring groups (2.5-3.3 and 2.4-3.0 for SPR1-6, 0.9 and 0.8 for SPR7 and 0.3 and 0.2 for SPR8-12) and As does not corresponds only moderately well to Cl and Na (Figure 3 ), in contrast to other geothermal areas (Welch et al., 1988) . Ballantyne and Moore (1988) pointed out, however, that such correlations should be examined with caution, since they reflect the common behavior of As and Cl in geothermal areas rather than common sources or chemical associations: Cl is generally derived from magmatic gaseous HCl, where as As is derived from host-rock leaching (Webster and Nordstrom, 2003) . The San Antonio ratios suggest enrichment of As relative to Cl in SPR1-6, which has also been documented in Yellowstone National
Park (Nordstrom et al., 2001) , and was attributed to high CO 2 concentrations in the source waters. This may also be possible for SPR1-6, given their high HCO 3 concentrations (Table 1) , although these may also at least partly be due to dilution with meteoric waters, as discussed above (Figure 2) . Further H and O isotopic analysis is required to further delineate the relative contribution of meteoric waters to these springs.
Arsenic concentrations in the springs do not correlate well with any of the other parameters examined, including pH, T, As(III) and As(III)/As(tot). Arsenite concentrations and percentage As(III) of total As in the spring waters are highly variable (Table 1) , as in other geothermal areas (Ballantyne and Moore, 1988) , and probably reflect the degree to which the spring waters have been oxidized upon ascent to the surface by abiotic and biotic processes (cf., Langner et al., 2001) . As(III) concentrations are highest in the highest temperature SPR1-6 group, and these are the lowest pH spring waters sampled (pH = 6.42-6.75). At this pH, the As(III) will likely occur as the species H 3 AsO 3 (Brookins, 1988) . evidence of fluorite weathering; the high aqueous F could be due to weathering of other F-bearing minerals, including apatite and amphiboles (Deer et al., 1992) . Further work is required to determine the exact sources of F.
Boron spring water concentrations are 50.0-56.6 mg L -1 in SPR1-6, 6.33 mg L -1 in SPR7 and 26.5-28.5 mg L -1 in SPR8-12. Boron concentrations correspond well to Na, Cl and HCO 3 (Figure 3 ), reflecting the common behavior of B to these ions and possibly a common geothermal source.
Characteristics of stream waters and downstream trends in element concentrations
The stream waters are also Na-Cl waters, but have variable major and trace element chemistries (Table   1 ; Hudson-Edwards and Archer, 2008). All elements follow the same pattern as those shown in Figure   4 for As(tot) (except As(III) and As(V), discussed below). In most cases, the concentrations are relatively low in samples taken upstream of the SPR1-6 area. Contributions from these springs and the tributary STR1 appear to cause a significant increase in concentrations of the main river elements downstream of these inputs. In Figure 5 the significance of dilution from these inputs is examined by plotting the concentrations of some of the dissolved constituents versus the concentrations of Cl.
Mixing lines represent concentration trends expected through simple dilution of the most Cl-rich water (the tributary STR1, which drains the element-rich SPR1 to 6 samples; Fig. 1 ) and the Cl-poor water just upstream of the point where STR1 enters the main Tocomar-San Antonio de los Cobres river (STR3). In this analysis, Cl is used as a conservative tracer since, as in other geothermal areas (Mroczek, 2005) it is highly concentrated in the waters and behaves in a conservative manner.
Speciation modeling of the river waters using Geochemist's Workbench suggests that chloride minerals are unlikely to precipitate from river waters or, if they do, they remove no more than a very small fraction of the total dissolved Cl. Water compositions that fall on the mixing lines indicate a mechanism of simple dilution, those that fall above indicate addition of dissolved species through dissolution or desorption and those that fall below indicate the removal of species through precipitation or adsorption processes (cf. Berger et al., 2000; Hudson-Edwards et al., 2005) . Figure 5 shows that the downstream decreasing trends in Na, F, SiO 2 , As, B and Li (and K and Rb, not shown on the figure) can be explained by mineral precipitation, and removal of these elements and compounds on or within the mineral structures. These trends are supported by speciation modeling, The mixing plots in Figure 5 also suggest that As(III) is removed from the stream water, and As(V) added to the stream water. This may not be a function of mineral precipitation but, rather, oxidation of the As(III) to As(V). In the SW USA, Wilkie and Hering (1998) recorded a fast rate (as low as 0.3 h) of oxidation of As(III) in geothermal waters to streams, and suggested that this was due to biotic oxidation of the As(III). The lack of a significant increase in As(V) downstream (Fig. 4) The downstream natural attenuation of As, F and B concentrations and plots in Figure 5 suggest that mineral precipitation may be a viable mechanism for removal of these elements from stream waters. The farthest downstream sample taken (STR11), however, has concentrations of As (476 μg L -(see below). This suggests that if waters from the San Antonio de los Cobres river are to be considered for these purposes, they should be exploited much further downstream where mineral precipitation may have removed even more As, F and B, or treated prior to use.
Drinking water quality
The Argentinian drinking water standard for As (CAA, 1994; Fiorentino et al., 1998;  www Arsenic concentrations for filtered samples SPR7, CHNF, and TAP1 to TAP6 range between 151 and 236 µg L -1 . There is little difference between the source SPR7 As concentration and those of the tap waters ( Table 1 ), suggesting that the metal piping used to transport the water to the town (Concha et al., 2006) does not remove As. These concentrations exceed the Argentinian drinking water limit for As and WHO recommended guideline for As concentrations in drinking water of 10 µg L -1 (CAA, 1994; WHO, 1996 WHO, , 1998 Fiorentino et al., 1998 ) by a factor of 15 to 24. The concentrations are in the same range as those reported by Concha et al. (1998; 157-219 µg L -1 ; 2010, 202-214 µg L -1 ).
Concentrations of unfiltered As concentrations in tap and the source spring water (SPR7) (157 -235 µg L -1 ) are similar to the filtered waters (and in some cases, are lower than the corresponding filtered water sample, which may be due to errors associated with the digestion method), suggesting that the tap waters have few particulates or, if they do, they do not contain As. The values are in the same range as those reported by Concha et al. (1998 Concha et al. ( , 2006 Concha et al. ( , 2010 , and also exceed the WHO and Argentinian drinking water limits for As. These elevated As concentrations may pose a hazard to human health in San Antonio. The species of As in the San Antonio drinking waters, however, is mainly As(V) ( Table   1 ) rather than the more toxic As(III) (cf., Jain and Ali, 2000) , which may be a contributing factor to the low As uptake in babies observed previously (Concha et al., 1998) .
Boron concentrations in all San Antonio filtered tap waters and the drinking water source (SPR7) range from 4.63 to 5.33 mg L -1 , and thus exceed both the WHO and Argentinian Alimentary
Code recommended guidelines for B concentrations in drinking water of 500 µg L -1 (0.5 mg L -1 ) (WHO, 1998) , and the USEPA health advisory guideline for long-term exposure of 900 µg L -1 (0.9 mg L -1 ) (USEPA, 1996; Rowe, 1999) , by a factor of between 5.1 and 10.6. The unfiltered B concentrations for these samples range from 5.27 to 5.89 mg L -1 , and thus also exceed the recommended guidelines.
Excessive concentrations of B in drinking water can cause nausea, vomiting, diarrhea and degenerative effects on the liver and kidneys (Parks and Edwards, 2005) . The source SPR7 has a higher amount of B (6.33 mg L -1 ) than the taps (4.63-5.18 mg L -1 ), suggesting some removal of B during transport from the spring to the taps.
Fluoride concentrations in the San Antonio filtered tap waters and the drinking water source (SPR7) range from 2.03 to 2.72 mg L -1 , and exceed the WHO recommended guideline for F concentrations in drinking water of 1.5 mg L -1 (WHO, 1998) by a factor of 1.3 to 1.8. It was not possible to determine the unfiltered concentrations of F, but, based on the unfiltered concentrations of
As and B reported above, it is likely that they will be higher than the filtered concentrations of F, and thus also higher than the WHO recommended guideline value. Excessive intake of F from drinking water can cause dental and skeletal fluorosis, arthritis, decreased thyroid function and detrimental effects on the brain (Carton, 2006) . In other parts of Argentina (Cordoba, Santa Fe and Buenos Aries), high concentrations of F have given rise to dental fluorosis (Smedley et al., 2002) . Like B, the source SPR7 has a higher amount of F (2.38 mg L -1 ) than the taps (2.03-2.44 mg L -1 ), suggesting some removal of B during transport from the spring to the taps.
The studies of Vahter et al. (1995) and Concha et al. (1998 Concha et al. ( , 2006 suggest that elevated As in drinking water may be linked to elevated As in urine and breast milk. The high concentrations of F and B, in addition to As, in drinking water suggest that further epidemiological study is required, as also recommended by Concha et al. (2010) .
Irrigation water quality
Irrigation waters in rural areas are often drawn from natural springs or streams. These waters, however, may not always be suitable for crop growth. For example, high concentrations of exchangeable (soluble) sodium (Na) and high levels of salts in soils negatively affect plant growth. Soils with high exchangeable Na have poor tillage qualities and low permeability. To determine the exchangeable Na for the San Antonio spring and stream waters, the Na adsorption ratio (SAR), which compares the concentrations of Na + , Ca 2+ and Mg 2+ in irrigation waters, since Ca and Mg moderate the negative effects of Na, was calculated using AqQA (Table 1) . A SAR value above 15 suggests that plants grown on these soils will not adsorb water very easily (Lloyd and Heathcote, 1985; Munshower, 1994) . Most of the spring SARs are greater than this recommended value, suggesting that, based only on the SAR values, these waters should not be used for irrigation. The stream SARs are all less than 15, except for STR1, which drains springs SPR1 to 6, so these are more suitable for irrigation.
Salinity is another measure of irrigation water quality, and the measured conductivity in the field can be used as a measure of salinity. Lloyd and Heathcote (1985) suggest that a conductivity measurement of < 250 µmho cm -1 is of low salinity, with no detrimental effects on crops expected, 250
to 750 µmho cm -1 represents medium salinity, with detrimental effects to sensitive crops expected, 750
to 2250 µmho cm -1 represents high salinity, with adverse effects on many crops expected, and 2250 to 5000 µmho cm -1 represents very high salinity, suitable only for salt-tolerant plants. Salinity was calculated for the San Antonio waters with AqQA using the measured conductivity values in Table 1 .
The salinity values (Table 1) for almost all of the spring waters are very high and for the stream waters are high. These results suggest that, although the SARs for the streams are acceptable, the overall salinity of the waters may be adverse to crop growth.
In the absence of Argentinian irrigation water guidelines, Australian irrigation water quality guidelines are used to assess the stream waters and spring sample SPR7 for exposure of crops to B and
As from irrigation water. Excessive B in irrigation water is a particular hazard (Leyshon and Jame, 1993) , as many crops have a narrow tolerance range for the element (Maas, 1986; Gupta, 1993) . The
Australian irrigation guideline for B is 0.5 mg L -1 (Water Quality Guidelines Online, 2006) , and all of the stream samples, and the SPR7 sample, exceed this by a factor of 10, suggesting that B may pose a threat to crops. However, the plot in Figure 5 suggests that B is removed from the river waters by precipitation, suggesting that given time or inducement, B may be removed in solid form and made unavailable to crops. The Australian irrigation guideline for As for long-term use is 2,000 µg L -1 (Water Quality Guidelines Online, 2006). All of the stream samples except STR1 fall below this guideline, suggesting that, over the long-term, As concentrations in these waters may not pose a threat to crops. Because our samples were taken during the dry season, the concentrations reported are likely to represent the higher end of the range of stream concentrations expected, so the conclusions above likely also apply to the wet season.
Conclusions and Recommendations
Concentrations of As, B and F in spring, stream and drinking waters in and around San Antonio de los
Cobres exceed World Health Organization guidelines, and the Argentinian drinking water guideline for
As. Assessment of the waters for irrigation purposes also suggests that their high B concentrations and salinities may adversely affect crops. The geochemical signatures of spring and stream waters, and modeling of mixing with meteoric waters, suggest that As, B and F concentrations may be reduced by dilution of geothermal Na-Cl brines with cleaner meteoric waters or by mineral precipitation. Sources of dilute meteoric waters are scarce around San Antonio, however, and rainfall is also low, suggesting that these techniques may not be cost-effective or feasible. Ideally, technologies to remove excess concentrations of As, F and B should be developed to reduce concentrations of these elements in drinking waters. 
